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Abstract 
In this study, commercial pure titanium was hot roll bonded with ferritic stainless steel (STS), and subsequently 
secondary roll bonding process was carried out to fabricate four-ply stainless steel-aluminum-stainless steel-pure 
titanium multilayered metallic sheet. Interface microstructure between titanium and STS was investigated using a 
scanning electron microscope (SEM) and transmission electron microscope (TEM) in order to verify subtle change of 
diffusion bonded layer, resulting in limited formation of the brittle intermetallic compounds within diffusive bonding 
layer. The local mechanical properties of the Ti/STS interface depending upon different thermomechanical treatment 
processes have been investigated by nanoindentation tests. A strong dependence between secondary roll bonding 
process condition and a kind of diffusion hardening was detected by increasing interface hardness. The influence of 
the considerable increase in hardness up to about 8.090.11 GPa at diffusion layer compared with Ti and STS base 
materials upon the mechanical properties of the overall multilayered metallic sheet is also discussed. 
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1. Introduction 
Clad material is a kind of typical composites composed of more than two materials joined at their 
interfaces for utilizing exclusively different properties from base materials. Especially joining between 
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stainless steel (STS) and commercially pure titanium have been attracted great attention as high-end 
structural metals in plant, chemical, construction and aerospace industries [1]. Among the fabricating 
processes for clad materials, solid-state diffusion bonding technique has been mostly applies in order to 
have multilayered sheet-type metallic clad when specific metallurgical properties at the interface are 
required [2]. Since solid-state joining has a major advantage of no melting at the interface, the generation 
of detrimental intermetallic precipitates can be suppressed for the considerable time when compared with 
fusion welding between STS and Ti which considered as an inappropriate method due to their 
metallurgical incompatibilities [3]. This indicates that controlling roll bonding parameters is inevitable to 
obtain tailored interface properties for multilayered metallic materials. 
In the current work, hot roll bonding between Ti and a ferritic STS was carried out to obtain Ti/STS 
two-ply clad metal. Establishment of a metallurgical bond along the joint interface by hot rolling followed 
by additional thermomechanical treatment (TMT) processes such as simple annealing or secondary roll 
bonding was examined by performing microstructural analysis by means of scanning and transmission 
electron microscopes. Also local mechanical properties of the interfaces were systematically studied by 
carrying out nanoindentation test. 
2. Experimental 
2.1. Hot roll bonding: materials and processes under different thermomechanical treatment conditions 
Pure titanium Grade-2 and type 439 STS sheet were used as two-ply clad metal. Chemical 
compositions of both materials are given in Table 1. Schematic illustration of adopted hot roll bonding for 
producing three different multilayered materials is shown in Fig. 1. After cleaning surfaces of both Ti and 
STS sheets properly, two-ply clad material is first produced, followed by annealing treatment at 350 oC 
for 20 min in order to increase the bonding strength by generating strong metallurgical bond on the 
original interfaces of the base metals. After aforementioned processes, four-ply clad composites consists 
of Ti-STS-Al-STS in order were produced by secondary hot roll bonding. Three clad materials prepared 
under different TMT processes are entitled as samples A, B and C as shown in Fig. 1, where sample B 
undergoes final annealing treatment at 350 oC for 20 min. 
Table 1. Chemical composition of CP Ti (Grade-2) and type 439 STS. 
Elements in Ti H N C O Fe Ti 
Weight % 0.001 0.011 0.001 0.127 0.05 Bal. 
Elements in 439 STS N C Ti Cr Fe 
Weight % 0.01 0.01 0.4 17.4 Bal. 
 
Fig. 1. Schematic illustration of adopted hot roll cladding processes for producing three different multilayered materials. 
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2.2. Investigation of metallurgical and mechanical properties 
After cutting cross-sections of the hot roll bonded joints perpendicularly, microstructure of the 
interface between Ti and STS for three different samples A, B and C were observed using a field-
emission scanning electron microscope (FE-SEM, model TESKAN MIRA II) attached with Oxford 
energy dispersive spectrometry (EDS) to analyze the distribution of chemical composition of the clad 
materials across the diffusion layers. And transmission electron microscopy (TEM, model JEOL JEM 
2100-F) at 200 kW was then used to further investigate the microstructure and the generated phases or 
compounds. Nanoindentation tests were also carried out on an MTS Nanoindenter XP with a triangular 
Berkovich diamond tip. All of the indentations with an array of 15 x 20 indents were performed under 
displacement-control mode with a depth limit of 100 nm.  
3. Results and Discussion 
Figs. 2(a)~2(c) exhibit FE-SEM micrographs of the cross-sectional interfaces between Ti and STS 
from samples A, B and C, respectively. These observations reveal hot roll bonding processes adopted in 
this research yield relatively sound interfaces without any sign of surface cracks or interfacial debonding 
with certain amounts of interface diffusion. It is apparent that single diffusive layer with the thickness of 
~ 2 Pm occurs at interface from sample A. However, the thicknesses of interface between Ti and STS 
from samples B and C undergone secondary hot rolling are increased up to ~ 3 Pm.  
It is interesting to note here that secondary diffusive layer was additionally generated between initial 
interdiffusion layer and STS, shown as a red arrow in Fig. 2(b). Result from EDS overlapped in the 
bottom of Fig. 2(b) demonstrate continuous diffusion of the major elements from both Fe/Cr in STS and 
Ti in CP-Ti base materials during final annealing treatment. Although there were no reaction products in 
the diffusion layer at least within the resolution limit of adopted SEM, it is still ambiguous whether actual 
formation of another phase happens or not. 
Fig. 2. Interface microstructures obtained from the interface between Ti and STS for samples (a) A, (b) B and (c) C, respectively. 
 
In order to further investigate structural changes within aforementioned diffusion bands for sample B, 
TEM observation was performed and the result is given in Fig. 3. It is interesting to note here that the 
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diffraction pattern from diffusive layer exhibits a mixture pattern between hcp-Ti and bcc-439 ferritic 
STS, implying only diffusion takes place without any sign of entailing generation of intermetallic 
compounds in this case when the joint exposed more than two-step hot rolling followed by two-step 
annealing. Fig. 4 shows the elemental mapping of the sample B, indicating simultaneous diffusion of both 
Ti from CP-Ti in Fig. 4(b) and Fe/Cr from STS in Fig. 4(c) and 4(d) into the very narrow interfacial 
diffusive band with the thickness of 70~80 nm, as shown in Fig. 4(a). 
 
Fig. 3. TEM investigation of the sample B: diffraction patterns from Ti, diffusion band and STS. 
 
Fig. 4. Elemental mapping results from the bright-field TEM image (a) of the sample B.  
 
Figs. 5(a) and 5(b) illustrates a series of nanoindentation marks together with right-side outlets from 
samples A and B, respectively. Also the representative load-displacement curves obtained from Ti, STS 
and interface from samples A and B are plotted in Figs. 5(c) and (d), respectively. From typical enlarged 
FE-SEM images of impression marks, we can confirm the serial number of indentation event conformed 
to the local mechanical property from diffusive band. For the 2-ply sample A, local hardness values of the 
STS, diffusion band, and Ti averages at 6.880.07, 6.870.24, and 4.770.10 GPa, respectively. It is 
worth note here that the hardness changes continuously along thickness direction. Additional TMT 
process followed by final annealing for sample B, on the other hand, the local hardness at diffusion band 
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considerably increases to 8.090.11 GPa, though the hardness values from STS and Ti base materials 
were slightly decrease to 6.370.04 and 4.220.07 GPa, respectively. Such hardness increase within the 
interdiffusive layers is presumably attributed to the solid-solution strengthening.  
Unfortunately, we cannot compare overall tensile strength of the 2-ply sample A and Ti/STS 2-layer 
part from sample B directly since it is very difficult to depart Ti/STS from Ti/STS/Al/STS four-ply 
materials (overall sample B) without losing original mechanical properties. However, we can expect that 
the tensile strength of the joint between Ti and Fe in sample B could slightly decrease in comparison with 
that in sample A due to the growth of the diffusion zone and residual stress resulted from secondary TMT 
processing followed by additional annealing. Furthermore, this increase in hardness within interface 
together with decreasing hardness values of base materials could be in line with the possibility of the 
losing formability for the overall multilayered material, which remains to be elucidated. 
 
Fig. 5. Micrographs of the indentation marks obtained at the interface between Ti and STS from (a) sample A and (b) sample (B): 
Nanoindentation load-displacement curves for (c) sample A and (d) sample (B), respectively. 
 
4. Conclusions 
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Using FE-SEM, TEM and nanoindentation, we have elucidated effects of hot roll bonding parameters 
and subsequent thermomechanical treatment processing conditions upon interface microstructures and 
local mechanical properties. Although additional generation of diffusion layer together with increase in 
the thickness of initially-formed diffusion layer takes place with progressing hot roll cladding processes 
followed by proper annealing, there is no sign of detrimental reaction products like intermetallic 
compounds within interdiffusion layer except solid-solution reaction resulting in considerable increase of 
hardness from 6.87 GPA in sample A to 8.09 GPa in sample B. 
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